Ni 96.7 
Introduction
Specific properties of amorphous and nanostructured metal alloys can be determined through their atomic and electronic structures.
Many AMAs (amorphous metal alloys) do not have simple or monocrystalline analogies, and their composition in the macrovolume could be changed within the singlephase state. This enables the homogenous alloys and the examination of the concentrational and temperature dependences of their properties.
The electronic structure determines a whole range of physical AMA properties (electroconductivity, TEMC, thermal conductivity, magnetic properties, optical conductivity etc). With respect to that, a number of scientific papers [1] [2] [3] [4] [5] [6] [7] [8] covering both theoretical and experimental topics have been published. However, certain properties of the electronic AMA structure have not been completely clarified. Particularly great difficulties exist when modelling the electronic structure of multiple component AMAs.
A great number of papers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] presenting research results on the magnetic parameters of AMAs having different composition have been devoted to investigating AMA ferromagnetism. The interactions between d electrons of adjacent atoms are shown to be responsible for the ferromagnetism of the AMA on the basis of the iron group of metals, as well as in crystalline alloys. The concentrational disorder of atoms and different levels of defects play the leading role in the formation of magnetic properties.
The objective of this paper was to study the effect of structural changes during sintering on the electrical and magnetic properties of the electrochemically obtained powder of the Ni 96.7 Mo 3.3 alloy. powder was obtained by galvanostatic deposition at a current density j=100 mA cm -2 . Upon electrolysis, the powder obtained was rinsed several times with triple-distilled water and then with 0.1% benzoic acid solution. Having been rinsed, the powder was dried at 360 K.
Experimental
During electrochemical measurements, a standard electrical circuit composed of a programmer equipped with a potentiostat (RDE 3 POTENTIOSTAT Pine Instrument So. Grove City. Pennsylvania), digital voltmetres (Pro's Kit 03-9303C) and an electrochemical cell was used.
The chemical composition of the obtained powder was determined using a PEKTAR-A.A-200-VARIAN atomic absorber.
X-ray diffraction (XRD) was performed through a Diffractometer Philips PW 1710 with CuK α (α = 0,154 nm) radiation and a graphite monochromator. XRD data were collected with a step mode of 0.03º with collection time of 1.5 s/step. Scanning electron microscopy (SEM) was conducted with a JEOL.JSM 5300 supplied with an EDS-QX·2000S spectrometer.
Differential scanning calorimetry (DSC) thermograms were obtained on a Shimadzu DSC-50 at a heating rate of 20 K min -1 under pure nitrogen flow. Investigation of electrical properties was carried out using 40 x 1.2 x 0.5 mm samples, obtained by powder pressing under the pressure of 100 MPa. Electrical resistivity was measured by the four-point method within the temperature interval of 293 K to 950 K. The measurements were made in an argon atmosphere. Measurements of relative magnetic permeability were performed using the modified Faraday method, based on the action of an inhomogeneous field on the magnetic sample. The magnetic force measurements were performed with a sensitivity of 10 -6 N in argon atmosphere.
Results and discussion
The nickel and molybdenum powder was obtained on a titanium cathode by electrochemical deposition from the solution 0.035 NiSO 4 3.3 . The phase structure of the powder was determined using X-ray analysis. Based on the measured intensities and positions of the diffraction maximums and the JCPD standard, identification was made of the crystalline phases, as well as of the cell equation and microstructural parameters, including the mean crystallite dimension, microstrain and minimum density of the chaotically distributed dislocations. The Warren-Averbach method was used to determine the crystallite size distribution as well as the mean square root of the strain as a function of distance for the direction (111). The X-ray in Fig. 1 shows that only one tesseral phase of the Ni 96.7 Mo 3.3 solid solution was identified, the structure thereof being described in the Fm-3m space group. There were four well defined peaks in the diffractograph for different planes of the face-centred cubic FCC lattice of the Ni 96.7 Mo 3.3 solid solution crystals. The cell equation parameters of the FCC phase were as follows: a=0.3254(2) nm, α=90º and V=0.043815 (4) The SEM records show that deposition at j=100 mAcm -2 resulted in the formation of two particle structures: larger cauliflower-like particles and smaller dendrite-shaped ones. The dendrites were formed on the surface of the cauliflower-like particles. Secondary and higherorder branches can be observed in the resulting dendrites (Figs. 2, 3 and 4) .
A cauliflower particle where dendrite growth started (the dendrites appear as bright details) is presented in figure 2 . Figure 3 shows a particle that started to grow as a dendrite, and then, during electrolysis, turned into a cauliflower at the top. The thermal stability and structural changes during heating of the electrochemically obtained Ni 96.7 Mo 3.3 powder at j=100 mAcm -2 were examined by differential scanning calorimetry (DSC) and by measuring electrical resistivity and magnetic permeability. The thermal stability was the function of the powder composition, crystal dimensions and dislocation densities. The thermogram in Fig. 5 shows two clearly pronounced maximums. The first sharp exothermal peak with a maximum at 650 K most likely resulted from crystallisation of the amorphous portion of the powder. The second peak, a considerably more pronounced and broader one, with a maximum at 770 K, was due to the growth of larger crystals at the expense of smaller ones and structure rearrangement due to dislocation density and microstrain decreases (Figs. 5, 7 and 8). The thermogram in Fig. 5 shows that no crystallisation of the amorphous portion of the powder was observed at temperatures up to 600 K. The thermal stability of the powder was also examined by X-ray analysis. The Ni 96.7 Mo 3.3 powders were annealed at 900 K for a certain period of time. Subsequently, they were cooled to 298 K and X-rays were recorded (Fig. 6) . The same FCC phase peaks always appeared in the obtained X-rays of the powders annealed for different lengths of time. The peaks of the annealed powders were considerably narrower and had a four times higher intensity. A detailed Rietveld analysis of diagrams obtained for the fresh and annealed powders suggested that during annealing at 900 K the following occurred: a) complete transformation of the amorphous portion of the powder into a crystalline one, b)
an increase in the crystal grain size, c) a decrease in the minimum density of the chaotically distributed dislocations and d) a decrease in the mean microstrain (Figs. 6, 7 and 8 ).
The crystal grain size depended on the annealing duration. The increase in annealing time led to the formation of larger crystalline grains having fewer dislocations. Fig. 7 shows that the crystallite dimensions of the initial powder (curve a) were smaller than those of the annealed powder (curve b). Fig. 8 presents the distance dependence of the mean square root of the strain for the fresh powder (a) and the powder annealed at 900 K(b). The powder annealing resulted in a considerable decrease in the mean square root of the strain. Structural changes of the Ni 96.7 Mo 3.3 powder were observed by measuring the dependence of the electrical resistivity on the heating temperature. Fig. 9 shows a thermogram (curve a) and the temperature dependence of the electrical resistivity (curve b).
As seen from Fig. 9 , during annealing of the Ni 96.7 Mo 3.3 powder obtained at j=100 mAcm -2 , the resistivity increased linearly with increasing temperature over the interval of 300 K to 450 K, indicating that structural changes in the powder did not take place in the above temperature interval. The line slope was a complex function of the crystal grain size, the proportion of the amorphous phase, the number of microstrain dislocations and the molybdenum content. The more irregular the pressed powder structure, i.e. the higher the dislocation number and the higher the amorphous phase proportion, the lower the electron number in the conduction zone, and hence the temperature increase led to the transfer of a number of localised electrons from the defective places into the conduction zone, causing a low slope. In the 450 K to 560 K temperature interval, the resistance decreased with increasing temperature. The thermogram (curve a) shows that there were no significant changes in the temperature interval, indicating that structural relaxation occurred in the Ni 96.7 Mo 3.3 pressed powder within the above-stated temperature range. The radiograph recorded after the 60-minute powder annealing at 570 K did not differ significantly from the fresh powder radiograph, which confirmed that it was only structural relaxation and not crystallisation that took place at temperatures up to T=570 K. The high drop in resistivity within the temperature interval of the structural relaxation resulted from free volume and microstrain decreases, which induced an increase in electron numbers in the conduction zone. The resistivity drop was also due to better contact established between the powder particles. In the temperature interval of 560 K to 630 K, the resistivity linearly increased again, indicating the absence of significant structural changes in the interval. The Ni 96.7 Mo 3.3 alloy was annealed for 60 minutes at 630 K and then cooled down to room temperature and the resistivity was simultaneously measured. The electrical resistivity reduced linearly with decreasing temperature. The pressed powder was heated again to 630 K. An identical linear dependence of the electrical resistivity on temperature was observed during the repeated heating, a line being obtained during the cooling process. This indicated that the structural relaxation process terminated after 60 minutes of sample heating at 630 K. The slope of the above linear dependence was higher than that of the linear dependence of resistivity on the fresh powder temperature in the temperature interval 300-450 K. The reduction in the rate of the increase of resistivity in the temperature interval 630-700 K resulted from a) crystallisation of the amorphous portion of the powder, b) crystal grain growth, c) decrease in dislocation density and from d) termination of the electron-magnon interaction at temperatures higher than the Curie temperature (660 K). At temperatures higher than 700 K resistivity decreased due to the crystal grain increase and dislocation density decrease. The Ni 96.7 Mo 3.3 pressed powder was isothermally annealed for 30 minutes at 900 K. Upon annealing, the sample was cooled at a rate of 10 K min -1 to room temperature and electrical resistivity was simultaneously measured. Electrical resistivity linearly decreased. The line slope was higher than the one obtained during the first annealing of the powder and the second one obtained during the fresh sample heating within the temperature range of 560 K to 630 K and 300 K to 450 K, respectively.
The obtained results on the measurement of the temperature dependence of electrical resistivity were correlated with the X-ray and DSC results.
The magnetic properties of the electrochemically obtained Ni 96.7 Mo 3/3 were also dependent on the molybdenum content, the proportion of crystalline and amorphouse phases, the crystal grain size, the dislocation density and the microstrain. Figure 10 presents the temperature dependence of the relative magnetic susceptibility of the Ni 96.7 Mo 3.3 pressed powder. It shows that the relative magnetic permeability of the pressed powder did not change significantly with increasing temperature in the temperature interval of 300 K to 450 K since structural changes did not occur within this temperature interval. In the temperature interval 450 K to 560 K relative magnetic permeability increased with increasing temperature, reaching its maximum at about 560 K. The increase in relative magnetic susceptibility resulted from structural relaxation during which partial thermal stabilisation of the pressed powder occurred, i.e. the free volume and internal microstrains decreased, and the regularity of the structure at a short distance increased. This induced a decrease in the interatomic distances and better overlap of the d-orbitals of adjoining atoms, and, hence, an increase in the interaction integral and, therefore, increases in the mutual interaction energy and magnetic permeability. This all provided better mobility of the magnetic domain walls and their better orientation, and hence higher magnetic permeability. During heating of the alloy at 560 K to 660 K, the relative magnetic permeability decreased gradually at first and, then, rapidly at higher temperatures, reaching the zero value at the Curie temperature of 660 K. At temperatures higher than 560 K, the thermal motion energy became sufficiently high to be able to exceed the interaction energy between adjoining atoms providing spin parallelism. Following the first heating, the alloy was cooled to room temperature and then reheated to the Curie temperature. During the second heating, the relative magnetic susceptibility did not change in the temperature interval of 300 K to 560 K, and its value was equivalent to the maximum obtained during the first heating, which proved that the thermal stabilisation (structural relaxation) process completely terminated during the first heating.
The Ni 96,7 Mo 3,3 alloy was then annealed for 30 minutes at 900 K for complete crystallisation of the amorphous portion of the powder and for crystal grain increases and substantial dislocation annihilation. Upon annealing, the alloy was cooled to room temperature and then reheated gradually up to the Curie point.
During the third heating, within the temperature interval of 300 K to 560 K, the magnetic permeability did not change, its value being about 50% lower than that of the fresh powder.
Conclusion
The X-ray analysis determined that the Ni 96.7 Mo 3.3 alloy powder electrochemically obtained at a current density of 100 mA cm -2 comprised 20% amorphous phase and 80% nanocrystalline phase. During sintering of this powder, irretrievable structural changes occurred affecting the electrical and magnetic properties. The crystallite size of the nonannealed powder was lower than that of the powder annealed at 900 K. Powder annealing resulted in a considerable reduction of the mean microstrain value.
Measurements of the electrical resistivity and magnetic permeability during heating showed that structural relaxation took place within the temperature interval of 450 K to 560 K. During the process, fine interatomic shifts occurred causing free volume and microstrain decreases in the alloy, as well as a simultaneous decrease in interatomic distances and an increase in distance regularities providing better overlaps of the d orbitals of adjoining atoms and increased exchange interaction. These changes caused higher mobility of the magnetic domain walls and their better orientation. All these processes resulted in an increase in magnetic permeability.
Following the structural relaxation, the magnetic permeability of the cooled alloy was found to be about 80 % higher than that of the fresh powder. Upon crystallisation of the amorphous phase and following the crystal grain increase, the magnetic permeability of the cooled samples was about 50 % and 3.6 times lower than that of the fresh and relaxed powders, respectively.
